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ARTICLE INFO ABSTRACT

A severe inflammatory immune response with hypercytokinemia occurs in patients hospitalized with severe
influenza, such as avian influenza A(H5N1), A(H7N9), and seasonal A(H1N1)pdmO09 virus infections. The role of
immunomodulatory therapy is unclear as there have been limited published data based on randomized con-
trolled trials (RCTs). Passive immunotherapy such as convalescent plasma and hyperimmune globulin have some
studies demonstrating benefit when administered as an adjunctive therapy for severe influenza. Triple combi-
nation of oseltamivir, clarithromycin, and naproxen for severe influenza has one study supporting its use, and
confirmatory studies would be of great interest. Likewise, confirmatory studies of sirolimus without concomitant
corticosteroid therapy should be explored as a research priority. Other agents with potential immunomodulating
effects, including non-immune intravenous immunoglobulin, N-acetylcysteine, acute use of statins, macrolides,
pamidronate, nitazoxanide, chloroquine, antiC5a antibody, interferons, human mesenchymal stromal cells,
mycophenolic acid, peroxisome proliferator-activated receptors agonists, non-steroidal anti-inflammatory
agents, mesalazine, herbal medicine, and the role of plasmapheresis and hemoperfusion as rescue therapy have
supportive preclinical or observational clinical data, and deserve more investigation preferably by RCTs.
Systemic corticosteroids administered in high dose may increase the risk of mortality and morbidity in patients
with severe influenza and should not be used, while the clinical utility of low dose systemic corticosteroids
requires further investigation.
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1. Introduction

Seasonal influenza epidemics, as well as pandemics, are important
causes of mortality and morbidity. The World Health Organization es-
timates that seasonal influenza results in 3-5 million cases of severe
illness and between 250,000 and 500,000 deaths annually worldwide
(WHO, 2016). Avian influenza A(H5N1) and A(H7N9) viruses continue
to circulate in some poultry populations and have caused intermittent
human cases since 1997 (Chan, 2002) and 2013 (Gao et al., 2013) re-
spectively. In addition, sporadic human cases of avian influenza
A(H6N1) (Wei et al.,, 2013), A(H5N6) (Jiang et al., 2017), and
A(H10N8) (Chen et al.,, 2014) have emerged in recent years. The
number of different avian influenza viruses infecting humans is a con-
cern because it increases the probability that a strain will acquire
human-to-human transmission capability, making the emergence of an
influenza pandemic more likely (Trombetta et al., 2015).

Severe influenza is defined by the World Health Organization as
clinical or radiographic evidence of lower respiratory tract disease (e.g.
dyspnoea, tachypnoea, radiographic pneumonia, etc), central nervous
system involvement (e.g. encephalopathy, encephalitis), severe dehy-
dration, influenza associated with certain complications (e.g. renal
failure, multiorgan failure, septic shock, rhabdomyolysis and myo-
carditis), or influenza that causes exacerbation of underlying chronic
disease (e.g. asthma, chronic obstructive pulmonary disease, diabetes,
or cardiovascular conditions such as congestive cardiac failure) or any
other condition requiring hospital admission(WHO, 2010). However,
most studies simply define severe influenza as influenza requiring
hospitalization.

High levels of pro-inflammatory cytokines have been reported in
patients with severe influenza A(HIN1)pdmO9 virus infection (Lee
et al., 2011c; To et al., 2010; Bradley-Stewart et al., 2013), A(H5N1)
infection (To et al., 2001; Peiris et al., 2004; de Jong et al., 2006), and
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A(H7N9) infection (Zhou et al., 2013; Chi et al., 2013). These cytokines
may be caused by the viral infection (primary cytokines), or immune
response (secondary cytokines) (Guo and Thomas, 2017). The high
level of inflammatory cytokines are often called “cytokine storm” or
“cytokine dysregulation”, though it is difficult to discern a high level
pro-inflammatory response due to severe disease from a dysregulated
cytokine response.

While early antiviral therapy with a neuraminidase inhibitor (NAI)
is associated with improved outcome in patients hospitalized with
seasonal influenza (Lee et al., 2009, 2010), A(HIN1)pdmO09 (Lee et al.,
2011b; Louie et al., 2012; Muthuri et al., 2014) and A(H5N1) viruses
(Adisasmito et al., 2010), significant number of deaths occur despite
antivirals (e.g. 25% mortality despite antivirals in patients admitted to
ICUs with influenza A(HIN1) (Louie et al., 2012]). Therefore, im-
proving antivirals may not be a sufficient strategy by itself to minimize
morbidity and mortality from severe influenza. Given the role of in-
flammation in the pathogenesis, the use of adjunctive immuno-mod-
ulating agents remains a topic of great interest (Hui et al., 2013). As
many patients hospitalized with influenza are elderly subjects with co-
morbid illness requiring drug treatment with some immuno-modulating
properties (eg. statins, PPAR agonist, and COX-2 inhibitors), it is
challenging to rely on retrospective observational studies in in-
vestigating the effects of these drugs on the clinical outcome in severe
influenza. This review provides an update on the potential role of dif-
ferent immuno-modulatory agents and other adjunctive therapies in the
management of patients hospitalized with severe influenza with a focus
on the rationale and evidence for using these agents and their side ef-
fects. Agents with both an immunomodulatory effect and a direct an-
tiviral effect are also discussed.

We searched publications in English on the MEDLINE, EMBASE and
GOOGLE SCHOLAR up to December 31st, 2017 using the search terms
“influenza” in combination with the terms “immunomodulating agents”
or “adjunctive therapy”. We selected publications relevant to clinical
treatment and classified the immuno-modulating agents or therapeutic
procedures as therapies with evidence of worsened patient outcome,
therapies of uncertain benefits, and therapies with clinical evidence of
improved patient outcome.

2. Therapies with evidence of worsened patient outcome
2.1. Systemic corticosteroids

Systemic corticosteroids are widely prescribed in patients with in-
fluenza complicated by critical illness (Delaney et al., 2016), based on
the findings that marked elevation of pro-inflammatory cytokine levels
was associated with a high mortality rate in severe influenza virus in-
fections due to A(H5N1) (de Jong et al., 2006; Carter, 2007), A(H7N9)
(Zhou et al., 2013), and A(HIN1)pdmO9 virus (Lee et al., 2011a). Many
clinicians administer corticosteroids in an attempt to halt disease pro-
gression and to improve clinical outcomes.

Except for a small number of studies (Kudo et al., 2012a; Diaz et al.,
2012; Linko et al., 2011), the majority of observational studies have
shown that corticosteroid therapy, often in the presence of some delay
in initiation of NAI therapy, was associated with a higher risk of death,
an increased rate of nosocomial pneumonia and developing critical
disease compared with those who did not receive corticosteroid therapy
(Martin-Loeches et al., 2011; Brun-Buisson et al., 2011; Kim et al.,
2011; Han et al., 2011; Lee et al., 2015) (Table 1). While these studies
did not adjust for baseline and time-varying confounders (such as
worsening clinical status and the decision timing to start corticosteroid
therapy), corticosteroid therapy should not be used alone for influenza
treatment without antiviral cover (Han et al., 2011). Corticosteroids
therapy may also increase risk of opportunistic infections such as in-
vasive aspergillosis, as reported in two patients infected with A(HIN1)
pdmO09 virus who had received high dose corticosteroids for ARDS (Lat
et al., 2010). Emergence of NA Arg292Lys mutation has been observed
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in two patients with A(H7N9) virus infection who had been given
corticosteroid treatment that resulted in treatment failure and a fatal
outcome (Hui et al., 2013). In addition, a retrospective cohort study of
patients who received corticosteroid therapy for upper respiratory tract
infections, allergies or spinal diseases has shown that within one month
of drug commencement, there was an increase in rates of sepsis (in-
cidence rate ratio 5.30, 95%CI 3.80 to 7.41), fracture (1.87, 1.69 to
2.07) and venous thromboembolism (3.33, 2.78 to 3.99), which de-
creased over the subsequent 2 months. At prednisone equivalent doses
of < 20 mg/day, the increased risk persisted (incidence rate ratio 4.02
for sepsis, 3.61 for venous thromboembolism, and 1.83 for fracture)
(Waljee et al., 2017).

A meta-analysis of data from 13 studies predominantly related to
the treatment of severe influenza A(HIN1)pdmO09 virus infection has
shown that high dose corticosteroid therapy was associated with an
increase in overall mortality (OR 3.06, 95% CI 1.58 to 5.92) (Rodrigo
et al., 2016). When restricted to a subgroup of 4 studies that reported a
risk adjusted mortality, the OR was still 2.82 (95% CI 1.61 to 4.92).
These data call for caution against the liberal use of high dose corti-
costeroids in managing patients with severe influenza.

Two studies in China have recently examined the relationship be-
tween the dosages of corticosteroids and mortality in A(HIN1)pdmO09
and A(H7N9) virus infections. In comparisons to controls, high-dose
corticosteroids (> 150 mg/d methylprednisolone or equivalent) was
associated with increased risks in 30-day mortality (38.5% vs 7.7%,
p = .021) and 60-day mortality (50% vs 15.4%, p = .022) and longer
duration of viral shedding (15 vs 13 days, p = .039) in patients with
influenza A(H7N9) viral pneumonia while there was no difference be-
tween low dose (25-150 mg/d methylprednisolone) and controls (Cao
et al., 2016). Another study of patients hospitalized with A(HIN1)
pdmO09 virus infection in China has shown that corticosteroids overall
did not influence either 30-day or 60-day mortality, but in a subgroup
analysis among patients with PaO,/FiO; < 300 mmHg, low-to-mod-
erate-dose corticosteroids treatment (equivalent 25-150 mg/day of
methylprednisolone) significantly reduced both 30-day mortality (aHR
0.49 [95% CI 0.32-0.77]) and 60-day mortality (aHR 0.51 [95% CI
0.33-0.78]), whereas high-dose (> 150 mg/day) corticosteroid therapy
yielded no difference (Li et al., 2017).

Currently, low-dose corticosteroids (e.g. hydrocortisone 50 mg q6h)
is recommended for treatment of refractory septic shock in patients
with severe influenza (Bautista et al., 2010). The role of low dose ad-
juvant corticosteroids for patients with severe influenza is of great in-
terest and should be addressed as a research priority. There is a well
designed RCT on the role of low dose corticosteroid therapy to be
conducted during the first wave of the next influenza pandemic in the
UK (Lim et al., 2015).

3. Therapies of uncertain benefit
3.1. N-acetylcysteine (NAC)

N-acetylcysteine (NAC) is a modified form of the amino acid cy-
steine, with anti-oxidant properties. NAC was shown to inhibit the
production of pro-inflammatory molecules in lung epithelial cells in-
fected with the highly pathogenic influenza A(H5N1) viruses (Geiler
et al.,, 2010) and inhibit mucin synthesis and pro-inflammatory med-
iators in alveolar type II epithelial cells infected with influenza viruses
A and B (Mata et al., 2011).

In a murine model infected with an influenza virus strain A/
PR8(H1N1) adapted in mice, NAC demonstrated synergy with oselta-
mivir in protecting mice from lethal influenza infection, with a survival
rate of 100% for the combination therapy vs 60% for oseltamivir alone
(Garozzo et al., 2007). In BALB/c mice inoculated intra-nasally with A/
swine/HeBei/012/2008 (HON2) viruses with or without NAC, NAC
reduced pulmonary inflammation, pulmonary edema, myeloperoxidase
activity, total cells, neutrophils, macrophages, TNF-a, IL-6, IL-13 and
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CXCL-10 in broncho-alveolar lavage (BAL) fluid. In addition, NAC sig-
nificantly inhibited the levels of TLR4 protein and TLR4 mRNA in the
lungs while pharmacological inhibitors of TLR4 (E5564) led to similar
effects as those determined for NAC in A(H9N2) swine influenza virus-
infected mice (Zhang et al., 2014).

Despite the scientific basis, there is only one case report that high
dose NAC, administered at 100 mg/kg daily as a continuous IV infusion,
appeared to be effective in improving the clinical status by reducing C-
reactive protein and oxygen requirement in a 48-year-old previously
healthy female, who had presented with severe pneumonia and septic
shock due to A(HIN1)pdmO9 influenza (Lai et al., 2010). However, it
was difficult to interpret the efficacy of NAC in this case report as there
was concomitant treatment with higher than licensed dose of oselta-
mivir (150 mg twice-daily). As NAC is readily available, and its side
effects (cough, dyspnea) are uncommon (Tarrant et al., 2017), more
clinical data based on RCT design are needed to evaluate the role of
NAC in the management of severe influenza.

3.2. Statins

Statins are competitive inhibitors of the enzyme HMG-CoA re-
ductase and commonly prescribed for treatment of hypercholester-
olemia. Statins have anti-inflammatory and immunomodulatory effects
(e. g., repressing the induction of MHC-II by interferon (IFN)-y and
subsequent T-lymphocyte activation) (Weitz-Schmidt et al. 2001; Jain
and Ridker, 2005). As such, it has been argued that statins may have a
potential role for treatment of severe influenza (Fedson, 2009).

A number of studies have examined the effects of statins on influ-
enza in mice with generally negative results in terms of reduction of
survival rates or viral loads (Liu et al., 2009; Radigan et al., 2012; Belser
et al., 2013; Gluck et al., 2013) (Table 2a). For example, simvastatin did
not reduce morbidity, mortality, or viral load of mice infected with
either A(HIN1) or A(H5N1) viruses while a combination of simvastatin
and oseltamivir did not improve the effectiveness of oseltamivir alone
following infection with highly pathogenic avian A(H5N1) influenza
virus in mice despite some reductions in lung cytokine production
(Belser et al., 2013). In another study of mice infected with influenza A/
PR/8/34 (HIN1) virus, simvastatin given orally or intra-peritoneally
resulted in lower survival rates and in more distinct weight loss than
virus-infected control mice. Furthermore, neither the viral load in lungs
and tracheas nor histopathological lesions was reduced by simvastatin
treatment (Gluck et al., 2013). Epidemiologic studies of patients on
chronic statins when they developed influenza have yielded generally
favorable results in terms of some protection against death and hospi-
talization (Kwong et al., 2009; Brett et al., 2011; Vandermeer et al.,
2012; Laidler et al. 2015; Brassard et al., 2017) (Table 2b). In a study of
the UK Clinical Practice Research Datalink to identify all patients aged
=30 years diagnosed with influenza-like illness during 1997-2010,
including 5181 statin users matched to 5181 non-users, the 30-day
incidence of hospitalization or death was 3.5% among statin users vs
5.2% in non-users, resulting in a 27% lower incidence with statin use
(cumulative incidence ratio: 0.73, 95%CI: 0.59-0.89). However, the
protective effect of statins was less certain among new users and those
with concomitant chronic illness predisposing to influenza complica-
tions such as respiratory and cardiac disease. The data suggest that the
beneficial effects of statins on influenza-related adverse outcomes may
be due to a healthy user bias (Brassard et al., 2017).

In a multicenter trial in which patients with sepsis-associated ARDS
randomly assigned to receive either enteral rosuvastatin or placebo,
rosuvastatin did not improve clinical outcomes in patients with sepsis-
associated ARDS and might have contributed to hepatic and renal organ
dysfunction (National Heart, Lung, and Blood Institute ARDS Clinical
Trials Network, 2014). A one year follow up of the same cohort has
shown no significant difference in cumulative survival in the rosuvas-
tatin group vs placebo (58% vs 61%; p = .377) (Dinglas et al., 2016).
Another RCT in adults with suspected ventilator associated pneumonia
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has shown that adjunctive simvastatin therapy did not reduce day-28
mortality in comparisons with placebo (Papazian et al., 2013).

There are currently no published human data based on RCTs on the
acute use of statins in the management of severe influenza. As the drugs
are relatively cheap and readily available, further research is warranted
to examine their role as an adjunctive therapy in animal models (eg
mice and ferrets) or in human clinical studies. The major side effects of
statins include myopathy, rhabdomyolysis, liver damage, and type 2
diabetes (Allen and Mamotte, 2017). An ongoing study is evaluating
atorvastatin vs placebo, in addition to standard care, for decreasing
inflammatory markers in acute influenza (ClinicalTrials.gov Identifier:
NCT02056340)

3.3. Macrolides

Macrolide antibiotics (e.g. erythromycin, clarithromycin, azi-
thromycin) have anti-inflammatory effects in addition to their anti-
bacterial properties; in vitro, they are shown to downregulate pro-in-
flammatory cytokines/chemokines, inhibit signal transduction and
adhesion molecules expression, and regulate inflammatory cell func-
tions (Kanoh and Rubin, 2010; Zarogoulidis et al., 2012; Parnham et al.,
2014).

In cultured human tracheal epithelial cells infected with influenza
A(H3NZ2) viruses, clarithromycin reduced viral titers and cytokines in
supernatant fluids and viral RNA in the cells. Clarithromycin also re-
duced expression of susceptibility to influenza virus infection apart
from reducing expression of sialic acid a2,6Gal on the tracheal mucosal
surface, and the number and fluorescence intensity of acidic endosomes
in the cells from which viral RNPs enter the cytoplasm (Yamaya et al.,
2010). In an in vitro model using Mardin-Darby canine kidney (MDCK)
cells and human lung epithelial cells, clarithromycin has been show to
decrease intracellular viral replication via inhibition of viral protein
production. (Miyamoto et al., 2008). Limited data based on the murine
models have suggested that macrolides could reduce cytokine produc-
tion and severity of pneumonia (Kanoh and Rubin, 2010; Min and Jang,
2012).

The effects of macrolides on humans infected with influenza viruses
are shown in Table 3. In patients with mild seasonal influenza A
without pneumonia, addition of clarithromycin led to a shorter dura-
tion of cough in patients who were without cough at the onset of pyr-
exia (Ishii et al., 2012). Addition of azithromycin to oseltamivir in
patients with A(HIN1)pdmO09 influenza without pneumonia led to a
lower maximum temperature than that in the mono-group on days 3
through 5 (p = .048), without significant differences in the expression
levels of inflammatory cytokines and chemokines between the 2 groups.
(Kakeya et al., 2014).

The utility of macrolides was evaluated in an observational study of
critically ill patients in Spain infected with influenza A(H1N1)pdm09
and a primary viral pneumonia without secondary infection. Patients
with macrolide-based treatment had lower ICU mortality in the uni-
variate analysis (19.2 vs. 28.1%, p = .02); however, a propensity score
analysis showed no effect of macrolide-based treatment on ICU mor-
tality (OR = 0.87; 95% CI 0.55-1.37, p = .5) (Martin-Loeches et al.,
2013).

In a separate multicenter trial in adults hospitalized for laboratory-
confirmed influenza, participants were randomized to receive oselta-
mivir-azithromycin (n = 25) or oseltamivir alone (n = 25) groups (Lee
et al., 2017). There was faster reduction in plasma concentrations of
pro-inflammatory cytokines IL-6, CXCL8/IL-8, IL-17, CXCL9/MIG,
STNFR-1, IL-18, and CRP in the oseltamivir-azithromycin group. The %
reduction in plasma concentrations from baseline was: IL-6 (—83% vs
—60%), CXCL8/IL-8(-81% vs —58%), IL-17 (—74% vs —34%), and
CXCL9/MIG (—71% vs —56%) respectively when comparing the
oseltamivir-azithromycin group vs oseltamivir monotherapy. There was
a trend toward faster symptom resolution (3-0.463, 95%CI-1.297,
0.371) but no difference in viral RNA decline (p = .777) and culture-
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Table 2

Studies of the effects of statins on influenza.
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Study design

Key findings

a) Animal studies
Liu et al., 2009

Radigan et al., 2012

Belser et al., 2013

Gluck et al., 2013

BALB/c mice infected with A(H5N1), A(H3N2), or A(H1N1) influenza
virus

A murine model of influenza A virus infection,

Mice infected with A(H1N1) or A(H5N1) viruses.

This study evaluated the efficacy of simvastatin against influenza A/PR/
8/34 (H1IN1) virus infection in BALB/c-mice. In the first study, simvastatin
was administered orally. To achieve high plasma levels, intraperitoneal
application was used in a second study.

b) Human epidemiology studies

Kwong et al., 2009

Brett et al., 2011

Vandermeer et al.,
2012

Laidler, et al. 2015

Lee et al., 2015

Brassard et al., 2017

A population-based cohort study over 10 influenza seasons (1996-2006)
in Ontario, Canada with propensity-based matching.

A retrospective case-control study of the UK Influenza Clinical Information
Network database of 1520 patients hospitalized with A(HIN1)pdm09
influenza from April 2009 to January 2010.

A study of hospitalized adults in 10 states in the USA during the 2007-08
influenza season, which was analyzed to evaluate the association between
receiving statins and influenza-related death.

A study using population-based, influenza hospitalization surveillance
data, propensity score-matched analysis, and Cox regression to determine
if there was an association between mortality (within 30 days of a positive
influenza test) and statin treatment among hospitalized cohorts from 2
influenza seasons (October 1, 2007 to April 30, 2008 and September 1,
2009 to April 31, 2010).

A retrospective study of factors influencing outcomes of adults
hospitalized for seasonal and A(H1N1)pdmO09 influenza in 2008-2011 in 3
cities (Hong Kong, Singapore and Beijing; N = 2649).

A study of the UK Clinical Practice Research Datalink to identify all
patients aged =30 years diagnosed with influenza-like illness during
1997-2010. The study cohort included 5181 statin users matched to 5181

Combination of 50 g statin + 200 g caffeine ameliorated lung damage and
inhibited viral replication, and appeared to be at least as effective as
oseltamivir and ribavirin. However, the statin/caffeine combination seemed
to be more effective when administered preventatively, rather than as
treatment.

Administration of rosuvastatin had no effect on viral clearance after infection
or on mortality.

Simvastatin did not reduce morbidity, mortality, or viral load. A
combination of simvastatin and oseltamivir did not improve the effectiveness
of oseltamivir alone following highly pathogenic avian influenza A(H5N1)
virus infection in mice despite modest reductions in lung cytokine
production.

Treatment with simvastatin resulted in lower survival rates and in more
distinct body mass loss in comparison to virus-infected control mice.
Furthermore, the viral load in lungs and tracheas as well as histopathological
lesions were not reduced by simvastatin.

Chronic use of statins showed small protective effects against pneumonia
hospitalization ([OR] 0.92; 95% CI 0.89-0.95), 30-day pneumonia mortality
(0.84; 95% CI 0.77-0.91), and all-cause mortality (0.87; 95% CI 0.84-0.89).
However, these positive effects were reduced substantially following
multivariate adjustment for confounding factors.

No statistically significant association between pre-admission statin use and
the severity of outcome in patients aged = 35 years [adjusted OR: 0.81 (95%
CIL: 0.46-1.38); n = 571]. Following adjustment for age, sex, obesity and
indication for statins, there was no statistically significant association
between pre-admission statin use and the severity of outcome.

Statins treatment before or during hospitalization was associated with a
protective adjusted odds-of-death of 0.59 (95%CI 0.38-0.92), following
adjustment for age, race, comorbid diseases, influenza vaccination and
antiviral administration.

Hazard ratios for death within the 30-day follow-up period were 0.41
(95%ClI, 0.25-0.68) for a matched sample from the 2007-2008 season and
0.77 (95% CI, 0.43-1.36) for a matched sample from the 2009 pandemic.
The data suggest a protective effect of statins against death from influenza
among patients hospitalized in 2007-2008 but not during the pandemic.

Chronic statin use decreased death risks (adjusted HR 0.44, 95% CI
0.23-0.84)

The 30-day incidence of hospitalization or death was 3.5% in statin users vs
5.2% in non-users, resulting in a 27% lower incidence with statin use
(cumulative incidence ratio: 0.73, 95%CI: 0.59-0.89). However, the

non-users.

protective effect of statins was less pronounced among new users and those
with concomitant chronic illness predisposing to influenza complications
such as respiratory and cardiac disease.

negativity rates. Additional ex vivo studies confirmed reduced induction
of IL-6 (p = .017) and CXCL8/IL-8 (p = .005) with azithromycin (Lee
et al., 2017). These findings demonstrate that azithromycin can reduce
cytokine levels and do not impair viral clearance.

The major side effects of macrolides include diarrhea, leucopenia,
deafness and increased risk of cardiovascular deaths in the elderly
subjects with high baseline risks for cardiovascular disease (Ray et al.,
2012). The role of a triple combination therapy (oseltamivir, clari-
thromycin and naproxen) is discussed under section 4.

3.4. Peroxisome proliferator-activated receptors agonists

The PPAR agonists are a group of medications that act on the per-
oxisome proliferator-activated receptor. Apart from its clinically useful
lipid-lowering activity, there is evidence that gemfibrozil (a PPAR-a
agonist) can inhibit production of pro-inflammatory cytokines (Calkin
et al., 2006). There are several studies (Budd et al., 2007; Bauer et al.,
2010; Aldridge et al., 2009) based on the mice model that showed some
anti-inflammatory effects of PPAR-y agonist against influenza virus
infection with survival advantage (Table 4). TNF inducible nitric oxide
synthase producing dendritic cells (tipDC) accumulate in the lungs in
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significant numbers during lethal influenza infections, where they ac-
quire, process, and present influenza antigen in the context of MHC
class I antigen to CD8 T cells (Aldridge et al., 2009). During lethal in-
fluenza infections, the chemokines MCP-1 and MCP-3 accumulate to
significantly higher levels in the airways, resulting in increased re-
cruitment of tipDCs. Piglitazone diminishes tipDC recruitment, while
allowing for protective CD8 T-cell expansion. Smoke exposure prior to
influenza infection has been shown to increase lung inflammation with
influenza infection (Robbins et al., 2006), and pioglitazone significantly
attenuated the exaggerated inflammation observed in smoke-exposed
influenza infected mice (Bauer et al., 2010).

The US Food and Drug Administration (FDA) communicated the
potential cardiovascular risk of thiazolidinediones (rosiglitazone and
pioglitazone) in 2007 and required a Risk Evaluation and Mitigation
Strategy (REMS) for rosiglitazone in 2010. It also communicated in
2010 the potential risk of bladder cancer with pioglitazone use (Hsu
et al., 2015). The role of the alternative anti-inflammatory drugs such
as PPAR-y agonists should be further explored for treatment of severe
influenza in the animal model, but clinical utility may be limited by
these toxicities.
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Table 4

Studies of the effects of PPAR agonists on influenza infection in mice.
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Authors

Study design

Key findings

Budd et al., 2007

Bauer et al.,
2010

Mice given gemfibrozil intraperitoneally at 60 mg/kg once daily (n = 46)
from days 4-10 following intranasal infection and compared to a controlled
group.

In a study examining the effects of systemic corticosteroids (dexamethasone)
vs the PPAR-y agonist pioglitazone on the outcome of influenza, C57BL/6 mice
were exposed to room air or cigarette smoke for 4 days, then inoculated with a

Survival in BALB/c mice infected with influenza A/Japan/305/57 (H2N2)
virus increased from 26% in vehicle-treated mice (n = 50) to 52% in mice
given gemfibrozil.

Smoke-exposed mice were noted to have an exacerbated inflammatory
response following infection. Dexamethasone treatment reduced
mononuclear cells in the broncho-alveolar lavage (BAL) of smoke-exposed,

mouse adapted A(HIN1) virus, to mimic influenza and COPD.

Aldridge et al.,

2009 avian A(H5N1) strains.

Mice were challenged with virulent influenza A viruses, including circulating

virus-infected mice, while pioglitazone reduced mononuclear cells and
neutrophils in the BAL and increased peripheral CD4 " and CD8* T cells.
An increased selective accumulation of a particular dendritic cell (DC) subset,
the TNF/iNOS-producing (tip) DCs, was noted in airways of mice with
pneumonia. These tipDCs appear to be required for the further proliferation
of influenza-specific CD8* T cells in the infected lung, because blocking their
recruitment in CCR2-knockout mice decreased the numbers of CD8™
effectors and reduced virus clearance However, treatment with the PPAR-y
agonist pioglitazone reduced tipDC trafficking, and this might moderate the
potentially lethal consequences of excessive tipDC recruitment, without
abrogating CD8 " T cell expansion or compromising virus control.

3.5. Nitazoxanide

Nitazoxanide (NTZ) is an oral antiparasitic drug with both antiviral
and immuno-modulatory effects. Antiviral activity of NTZ and its cir-
culating metabolite, tizoxanide, has been demonstrated in several cell
lines after infection with influenza A (H1N1, H3N2 and H5N9) and
influenza B virus with EC50s between 0.3 and 1 pg/mL (Rossignol,
2014). Tizoxanide inhibits the replication of influenza viruses at the
post-translational level by selectively blocking the maturation of the
viral hemagglutinin at a stage preceding resistance to endoglycosidase
H digestion, thus impairing hemagglutinin intracellular trafficking and
insertion into the host plasma membrane (Rossignol et al., 2009). Anti-
inflammatory effects include upregulation of IFN and various IFN-in-
ducible genes (Rossignol, 2014). There are in vitro data showing sy-
nergistic effect of NTZ and oseltamivir against influenza A viruses
(Belardo et al., 2015).

In a Phase 2b/3 study of low risk acute uncomplicated influenza A
or B (age 12-64 years and without underlying medical conditions that
put them at high risk for complications), 650 subjects were randomized
to receive NTZ 300 mg bd, NTZ 600 mg bd, or placebo. Treatment with
NTZ 600 mg bd for 5 days was associated with reduction in duration of
symptoms 95.5 h (84.0-108.0) compared to placebo (116.7 h (95% CI
108.1-122.1) (p = .0084), whereas the 300 mg bd cohort was not
significantly different than the control [109.1 h (96.1-129.5, p = .52)]
(Haffizulla et al., 2014). Influenza-infected subjects receiving NTZ
600 mg also showed significant reductions in TCID50 viral titers on
study Days 1-3 vs the placebo group (p = .0006). No resistance was
observed for influenza viruses collected from NTZ-treated subjects, and
no adverse effect on the humoral immune response was observed. Ad-
verse events were similar among the three treatment groups (Haffizulla
et al., 2014).

There are recently completed studies of NTZ vs oseltamivir for
treatment of acute uncomplicated influenza (ClinicalTrials.gov
Identifier: NCT02612922), + NTZ * oseltamivir (2 X 2 design) in an
acute uncomplicated influenza (ClinicalTrials.gov  Identifier:
NCT01610245), and NTZ vs placebo + standard care in severe acute
respiratory illness (SARI) (ClinicalTrials.gov Identifier: NCT03168282),
but no data is available for these studies at this time. Until the data from
these studies is public and appropriately peer reviewed, the use or
further study of NTZ for the treatment of influenza should be cautioned.

3.6. Chloroquine

Chloroquine is an antimalarial drug which acts to raise lysosomal
pH, leading to inhibition of both the fusion of autophagosomes with
lysosomes and lysosomal protein degradation. Chloroquine has in vitro
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activity against both A(H1IN1) and A(H3N2) influenza strains at con-
centrations achievable in vivo at the doses used for malaria prophylaxis
and treatment of connective-tissue diseases (Ooi et al., 2006; Di Trani
et al., 2007). Chloroquine did not prevent influenza infection nor di-
minish weight loss in mice infected with a mouse-adapted influenza
A(HIN1) strain, and had only minimal activity in limiting viral re-
plication in ferrets infected with an adapted A(H3N2) strain (Vigerust
and McCullers, 2007). Chloroquine inhibited autophagy in mouse lung
induced by A(H5N1) but viral loads and proinflammatory cytokines
were not significantly affected (Yan et al., 2013). The major side effects
of chloroquine in humans include headache, diarrhea, nausea and
blurred vision. Furthermore, it did not prevent influenza infection in a
healthy community population (Paton et al., 2011). The limited pub-
lished data put chloroquine and its derivatives at a lower priority to be
evaluated as a candidate drug for clinical treatment of severe influenza.

3.7. Pamidronate

Pamidronate is a bisphosphonate that has been used clinically for
treatment of hypercalcemia and Paget's disease (Siris et al., 2006).
Pamidronate exhibited protective effects against influenza infection
caused by seasonal influenza A(HIN1) and avian A(H5N1) viruses in
both in vitro and in vivo models, and the antiviral effects of pamidronate
were dependent on V32-T cells and mediated by their cytokine secre-
tion and cytotoxicity against virus-infected host cells (Tu et al., 2011;
Qin et al., 2012). Early treatment with intraperitoneal pamidronate
reduced morbidity and mortality of A(H7N9)-infected mice through
controlling both viral replication and inflammation in affected lungs.
Delayed treatment with pamidronate starting Day 3 after infection
could still reduce disease severity in infected mice and improve chance
of survival, whereas oral oseltamivir starting at the same time showed
no therapeutic effects. Antiviral effects of pamidronate were partly
mediated by IFN-y secreted from human V82-T cells while human V§2-
T cells could directly kill virus-infected host cells in a perforin, gran-
zyme B- and CD137- dependent manner (Zheng et al., 2015).

The major side effects of pamidronate include acute systemic in-
flammatory reaction, ocular inflammation, renal failure, nephrotic
syndrome, electrolyte imbalance, and osteonecrosis of the maxilla and
mandible (Tanvetyanon and Stiff, 2006) and atypical femoral fractures
(Powell et al., 2012). Given the potential side effects, pamidronate-
based therapy would not be a high priority candidate for clinical trial
on treatment of severe influenza infection.

3.8. Anti-C5a antibody

C5a is a complement cleavage peptide that may trigger the
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formation of neutrophil extracellular traps (NETs) and release of his-
tone proteins to the extracellular compartment during acute lung injury
(ALI)/ARDS. NETs may activate platelets to release TGF[, which is
involved in tissue remodeling during the later phases of ALI/ARDS
(Bosmann and Ward, 2014). Following inoculation of African green
monkeys with A(H7N9) viruses and then treatment intravenously with
IFX-1 at 5 mg/kg, a novel neutralizing specific antihuman C5a antibody
30 min after virus inoculation, anti-C5a treatment in A(H7N9)-infected
monkeys led to a reduction in ALI, with reduction in lung histopatho-
logical injury and less lung infiltration of macrophages and neutrophils
when the monkeys were sacrificed at Day 3. There was also a decrease
in systemic inflammatory response and reduction in virus titers in the
infected lungs (Sun et al., 2015).

3.9. Human mesenchymal stromal cells

ALl including impaired alveolar fluid clearance, is a serious com-
plication of severe respiratory virus infection. In vitro, influenza
A(H5N1) infection impaired alveolar fluid clearance much more than
seasonal virus. This impairment is mediated by the release of soluble
factors from infected cells, leading to down- regulation of alveolar Na*
and Cl~ transporters. Mesenchymal stromal cells (MSC) prevented or
reduced this effect in vitro and in vivo in A(H5N1)-infected aged mice
through secretion of soluble paracrine growth factors (Angl and KGF)
(Chan et al., 2016). However, in C57Bl/6 mice that were infected with
influenza A/Puerto Rico/8/34 (mouse-adapted HIN1 virus) or influ-
enza A/Mexico/4108/2009 (swine-origin pandemic HIN1 virus) and
administered human or mouse MSCs via the tail vein, either pre- or
post-infection, the regimen failed to improve survival, decrease pul-
monary inflammation/inflammatory cell counts or prevent ALI. MSCs
administered in combination with oseltamivir also failed to improve
outcomes (Darwish et al., 2013). In another study of 6- to 8-week-old
C57BL/6 mice that were infected intra-nasally with A(H9N2) virus to
induce ALI, MSC treatment significantly reduced A(HON2)-induced ALI
and was associated with reduced pulmonary inflammation (Li et al.,
2016). MSCs promote an anti-inflammatory and highly phagocytic
macrophage phenotype through extracellular vesicle (EV)-mediated
mitochondrial transfer in ARDS. MSC-induced changes in macrophage
phenotype critically depend on enhancement of macrophage oxidative
phosphorylation. Murine alveolar macrophages treated with MSC-de-
rived EVs ameliorate lung injury in vivo (Morrison et al., 2017). More
work is needed in the animal model (eg mice and ferrets) to examine
the role of MSCs in combination with antiviral treatment for ALI in
severe influenza.

3.10. Mycophenolic acid

Mycophenolic acid, or its prodrug mycophenolate mofetil (MMF), is
widely used as an immunomodulatory agent in transplant recipients
and other patients with autoimmune diseases (Villarroel et al., 2009;
Volkmann et al., 2017). Mycophenolic acid has broad-spectrum in vitro
antiviral activity against influenza A(HIN1), A(H3N2), A(H7N9), and B
viruses in the cell-protection assay while the antiviral effect of myco-
phenolic acid was completely reverted by guanosine supplementation.
Plaque reduction assays showed that mycophenolic acid had antiviral
activity against multiple clinical isolates of influenza A(HIN1),
A(H3N2), A(H7N9) and B viruses (IC50 < 1 uM) (To et al., 2016).

In a study that examined the anti-viral activity of MMF against A/
Vietnam/1194/2004 (H5N1) virus infection using MDCK cells and
mice, the ICso of MMF (0.94 uM) was similar to that of zanamivir
(0.87 uM) in A(H5N1) virus-infected MDCK cells based on ELISA.
Interestingly, MMF inhibited A(H5N1) viral mRNA replication and
protein expression completely for about 8 h in time-course assays fol-
lowing commencement of treatment. In addition, all mice survived
while viral titers in lungs were markedly reduced by MMF treatment
(Cho et al., 2017). The protective mechanism of MMF against A(H5N1)
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virus infection was due to inhibition of cellular inosine monophosphate
dehydrogenase (IMPDH) by exogenous guanosine, which inhibits viral
mRNA and protein expression. Moreover, IFN-f, IL-1f3, IL-6, and IP-10
mRNA expression levels were substantially downregulated in MDCK
cells with MMF treatment (Cho et al., 2017). It is important to note that
while MMF has good inhibitory effect against Middle East Respiratory
Syndrome coronavirus in vitro (Chan et al., 2013), all marmosets treated
with MMF developed severe and/or fatal disease with higher mean viral
loads than the untreated animals (Chan et al., 2015). More work is
needed in mice and ferret models to understand the potential role of
mycophenolic acid for treatment in severe influenza.

3.11. Herbal medicine

In a RCT of relatively mildly affected patients aged 15-59 yrs hos-
pitalized with influenza A(H1N1)pdmO09, but without pneumonia, there
was significant reduction in the estimated median time to fever re-
solution seen with oseltamivir, maxingshigan-yingiaosan (MY), and a
combination of oseltamivir and MY vs the control group. Ephedra is the
main ingredient of MY and the biological effects of MY are due to its
ephedrine and pseudo-ephedrine content. Time to fever resolution was
reduced by 19% (CI, 0.3%-34%; P= .05) when comparing
oseltamivir + MY vs oseltamivir alone. However, there was no sig-
nificant difference in symptom scores and data on serial viral kinetics
were not available (Wang et al., 2011). Another RCT of patients aged
16-65 yrs with uncomplicated influenza A(H1N1)pdm0O9 found no
significant differences between patients treated with herbal medicine
Lianhuagingwen capsule (LHC) or Oseltamivir in terms of the median
duration of illness (LHC 69 h vs. Oseltamivir 85 h, p > .05) and the
median duration of viral shedding (LHC 103 h vs. Oseltamivir 96 h,
p > .05) (Duan et al., 2011). A Cochrane review of the role of Chinese
Medicinal herbs for influenza based on 18 studies and 2521 participants
has concluded that the methodological quality of the majority of studies
was poor and more high quality RCTs with larger sample sizes are
needed to evaluate the therapeutic role of herbal medicine (Jiang et al.,
2013).

3.12. COX-2 inhibitors with/without other immune modulators

Selective COX-2 inhibitors are non-steroidal anti-inflammatory
drugs (NSAID) that target COX-2, an inducible enzyme responsible for
inflammatory processes and immune responses. COX-2 inhibitors have
been shown to suppress A(H5N1) virus replication in human macro-
phages (Lee et al., 2011c).

The effects of COX-1 and COX-2 inhibitors in influenza A viral in-
fection were examined in mice which were given a COX-1 inhibitor (SC-
560), a COX-2 inhibitor (celecoxib) or no inhibitor beginning 2 weeks
prior to influenza A viral infection (200 PFU) and throughout the course
of the experiment. Treatment with SC-560 significantly increased
mortality and was associated with profound hypothermia and greater
weight loss than celecoxib or control groups. Levels of TNF-a and G-CSF
were significantly attenuated in the SC-560 and celecoxib groups vs
control while IL-6 levels were much lower in BAL fluid of celecoxib-
treated mice vs control and vs the SC-560 group (Carey et al., 2010).

The effect of celecoxib in combination with mesalazine and zana-
mivir was assessed in BALB/c mice challenged with influenza A/
Vietnam/1194,/2004 (H5N1) virus, with treatment started 48 h after
viral inoculation to simulate a real-life scenario (Zheng et al., 2008).
Survival rates and survival time were improved in the group that re-
ceived zanamivir, celecoxib, and mesalazine, compared to zanamivir
alone. Significantly higher levels of CD4* and CD8* T cells and less
pulmonary inflammation were also noted in the group receiving the
triple therapy. Zanamivir alone reduced viral load, but without any
significant effect on lung inflammation or mortality. Mesalazine can
inhibit both lipoxygenase and COX pathways, leading to reductions in
pro-inflammatory  cytokines and eicosanoids, and therefore
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deactivation of inflammatory cells such as macrophages and neu-
trophils. (Zheng et al., 2008).

In a study of BALB/c mice inoculated intra-nasally with an A(H7N9)
virus isolated from a chicken in a wet market epidemiologically linked
to a fatal human case, (A/chicken/Zhejiang/DTID-ZJU01,/2013 [CK1]),
there was heavy alveolar inflammation and pulmonary hemorrhage,
associated with high pulmonary levels of proinflammatory cytokines. In
the mouse lung cell line LA-4, CK1 also induced high levels of IL-6 and
cyclooxygenase-2 (COX-2) mRNA. Administration of the antiviral za-
namivir did not significantly improve survival in mice infected with
CK1, but co-administration of celecoxib in combination with zanamivir
improved survival and lung pathology (Li et al., 2014). It is important
to note that use of NSAID during episodes of acute respiratory infec-
tions, especially parenteral NSAIDs, was associated with an increased
risk of acute myocardial infarction (Wen et al., 2017). More clinical
studies are needed on the therapeutic role of a COX-2 inhibitor in
combination with an NAI =+ other immunomodulating agent for
treatment of severe influenza (section 4).

3.13. Interferons(IFNs)

Type I IFNs (e.g., IFN-a/3) and type III interferons (IFN-A) are im-
portant mediators of the innate immune response against influenza
virus infection (Hsu et al., 2012). Recognition of influenza A viral
components by Toll-like receptors (TLR) (eg TLR3 and/or TLR7) re-
tinoic acid-inducible gene I, and melanoma differentiation associated
factor-5 (Crotta et al., 2013) upregulates the expression of type I and
type III IFNs, which induce numerous IFN-stimulated genes (ISGs), re-
sulting in viral restriction and activation of the adaptive immune re-
sponse (Durbin et al., 2013).

Patients hospitalized with severe influenza had evidence of deficient
innate immune responses with lower plasma levels of IFN-a and
monocyte chemoattractant protein—-1 (MCP-1) (Agrati et al., 2010)
while the fatal cases were unable to mount sufficient serology response
early (Guihot et al., 2014). The innate immune response to influenza
viruses involves production of IFN-a/f3, which plays an important role
in virus clearance during the initial stage of infection. In IFN a receptor
knock-out mice, type I IFNs are responsible for direct resolution of viral
load and limitation of acute lung injury through suppression of im-
munopathology caused by influenza A virus via IL-10 production
(Arimori et al., 2013). Low-dose IFN-a protected mice against lethal
A(H5N1) viral infection and was also effective against A(HIN1)pdmO09
virus in vitro and in mice (Haasbach et al., 2011). An intro study has
shown that antiviral agents with different mechanisms of action against
seasonal influenza viruses (e.g., oseltamivir combined with IFN-A1)
exerted a significantly greater synergistic effect than co-treatment with
drugs that target the same signaling pathway (i.e., IFN-f3 plus IFN-A1) in
vitro (Ilyushina and Donnelly, 2014). Thus a combination of exogenous
IFN plus oseltamivir may be a potential therapy for treating influenza
infections.

3.14. Antipyretics

A systematic review and meta-analysis of animal studies involving
mice and chicks has shown that treatment with antipyretics including
aspirin, paracetamol and Diclofenac for influenza infection increased
the risk of mortality with a pooled odds ratio of 1.34 (1.04-1,73) (Eyers
et al., 2010). However, a RCT has shown that early administration of
intravenous acetaminophen 1 g q6h vs placebo for treatment of fever
due to probable infection did not affect the number of ICU-free days or
mortality rate at Day 28 or at Day 90 (Young et al., 2015). Another RCT
of patients aged 18-65 yrs has shown that regular paracetamol 1 g qid
vs oral placebo for 5 days had no effect on viral shedding, temperature
or clinical symptoms in patients with influenza confirmed by PCR
(Jefferies et al., 2016).
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3.15. Therapeutic procedures

The polymyxin (PMX) B-immobilized fiber column, first introduced
in Japan in 1994, is an extracorporeal device using PMX-B fixed to
polystyrene-derived fibers, which can remove circulating endotoxin
and reduce various cytokines through direct hemoperfusion (Ronco and
Klein, 2014)). Three case reports suggest that PMX column hemo-
perfusion could reduce hypercytokinemia (elevated IL6, IL8, interferon-
gamma, and high-mobility group box-1) and improve clinical outcome
in patients with A(HIN1)pdmO09 (Takeda et al., 2010; Binh et al., 2015)
or A(H5N1) virus infection (Kudo et al., 2012b) complicated by ARDS
despite treatment with NAL It has been suggested that treatment with
PMX hemoperfusion and oseltamivir is effective in improving ARDS due
to influenza only if initiated early (Binh et al., 2015).

Therapeutic plasma exchange (TPE) or plasmapheresis is an extra-
corporeal blood purification technique designed to remove large-mo-
lecular-weight substances from the plasma. A pediatric case series de-
scribed three children (aged 8, 11 and 17 yrs) with severe A(HIN1)
pdmO09 influenza complicated by ARDS and hemodynamic instability
who required invasive mechanical ventilation and inhaled nitric oxide,
and extracorporeal membrane oxygenation in one patient (Patel et al.,
2011). TPE was provided as a rescue strategy to these patients with
dramatic subsequent reductions in blood lactate levels, oxygen re-
quirement, inotropic support and pediatric logistic organ dysfunction
scores. All patients made good functional recovery. It is difficult to
judge the therapeutic effect of PMX B-immobilized fiber column he-
moperfusion or TPE based on findings of uncontrolled case reports,
especially with concomitant use of NAI

4. Therapies with clinical evidence of improved patient outcome

4.1. Passive imnmunotherapy- immune plasma, standard immunoglobulin
(IVIG) and hyperimmune IVIG

Since 1890, when Behring and Shibasaburé demonstrated the first
use of passive immunotherapy to treat diphtheria and tetanus (Behring
and Kitasato, 1890), plasma has been used to treat severe infectious
diseases including Spanish flu of 1917-1918 (Luke et al., 2006), and
severe acute respiratory syndrome (SARS) in 2003 (Soo et al., 2004),
Middle East respiratory syndrome (MERS) (Mo and Fisher, 2016), and
most recently, the Ebola epidemic in West Africa (van Griensven et al.,
2016). It is therefore not surprising that this modality has been used to
treat severe influenza.

Immune globulin for intravenous use (IVIG) contains concentrated
globulin preparations made from pooled human plasma (Gelfand.
2012). IVIG has several benefits over plasma treatment. IVIG can be
given as a smaller volume (thus less concern with fluid overload), there
is no ABO blood matching needed, and IVIG provides a more uniform
product (as compared to individual plasma units with different anti-
body titers).

The presumed functional component of both immune plasma and
IVIG is the IgG fraction. IgG may have effects however by either non-
specific immune modulatory effects through the IgG constant fragment
(Fc fragment) or the dimeric antigen binding fragment (F(ab'), frag-
ment)(Schwab and Nimmerjahn, 2013). The Fc fragment is important
for the pro-inflammatory activities of IgG, both the humoral arm and
the cellular arm of the innate immune system. The IgG Fc fragment may
also play a role in the anti-inflammatory effects. However, in influenza
models, protection was also afforded by purified F(ab)2 but not Fc
fragments derived from IVIG, supporting a specific antibody-mediated
mechanism of protection rather than immune modulation (Rockman
et al., 2017). Prior studies comparing the F(ab')2 fragments to whole
non-immune IgG have shown the F(ab")2 fragment sufficient for pro-
tection where was the non-immune antibody was not protective (Lu
et al., 2006).
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4.1.1. Immune plasma

Plasma therapy uses plasma from patients who have fully recovered
from or were vaccinated to an infection to treat those with the same
infection. One meta-analysis that reviewed reports from the 1918
A(HIN1) influenza pandemic suggested that early administration of
convalescent blood products reduced the risk of death from pneumonia
(overall mortality reduced from 37 to 16%, 95% CI 15-27%) (Luke
et al., 2006). Convalescent plasma was administered as an adjunctive
treatment with a favorable outcome in a patient in China with severe
A(H5N1) influenza pneumonia and multi-organ failure despite high-
dose oseltamivir (Zhou et al., 2007) and in another patient with severe
A(H7N9) infection with progression to ARDS despite treatment with a
standard dose of oseltamivir (Wu et al., 2015).

A prospective multicenter case-control study evaluated the use of
convalescent plasma for severe influenza A(HIN1)pdm09 (Hung et al.,
2011). Ninety-three participants that had clinical deterioration despite
optimal antiviral treatment and that required intensive care were en-
rolled. All subjects were offered immune plasma, with a neutralizing
antibody titer of > 1:160. The 20 participants that accepted the plasma
were compared to the 73 subjects that did not accept the plasma.
Mortality was 20% in the group that accepted the plasma vs 54% in
those that declined. The control arm mortality was higher than antici-
pated for a similar severity of illness (Duggal et al., 2016). However, the
authors concluded that plasma was effective in reducing mortality,
respiratory tract viral load, and serum cytokine levels in the treatment
group.

A phase 2 study of patients in the USA with severe influenza A or B
(hypoxia or tachypnea), who were randomly assigned to either 2 units
(or pediatric equivalent) of convalescent plasma (HALI titer at least 1:80)
plus standard care or standard care alone (99% received antivirals, of
which 98% was oseltamivir monotherapy). This study showed no dif-
ferences in the primary endpoint of normalization of respiratory status
by Day 28 (67% vs 53%, p = .069) (Beigel et al., 2017). Multiple
secondary endpoints were also not uniformly conclusive, including
fewer days in the hospital after randomization (median 6 vs. 11,
p .13), fewer participants with hospital readmissions (2 vs. 7,
p .096), fewer participants with ICU admissions (57% vs. 69%,
p = .097), and fewer days on mechanical ventilation (median O vs. 3,
p = .14), disposition after hospital discharge (p = .029) and clinical
status at Day 7 (death, in ICU, hospitalized on oxygen, hospitalized not
on oxygen, not hospitalized but not returned to normal activities, or not
hospitalized and returned to normal activities) (p .020). Fewer
plasma plus standard care participants had serious adverse events
compared with standard care alone recipients (nine [20%] of 46 vs 20
[38%] of 52, p = 0-041), the most frequent of which were ARDS (one
[2%] vs two [4%] patients) and stroke (one [2%] vs two [4%] patients).
Transfusion-related acute lung injury (TRALI), and transfusion asso-
ciated circulatory overload (TACO) are potentially life threatening
While the study was underpowered, the results supported development
of a larger ongoing plasma treatment study using clinical status on Day
7 by ordinal scale as the primary endpoint (ClinicalTrials.gov Identifier:
NCT02572817).

4.1.2. Standard IVIG

In vitro studies have shown that standard human IVIG lots manu-
factured often have detectable HAI and neutralizing antibody titers
against circulating and non-circulating strains (Hong et al.,, 2011;
Kubota-Koketsu et al., 2012; Tian et al., 2016; Onodera et al., 2017).
(Table 5). Undiluted IVIG is typically 6%, 10%, or 20% protein (e.g
20 g/100 ml), which is roughly 6, 10, or 20-fold more IgG than a typical
serum concentration. Undiluted IVIG has moderate HAI and neu-
tralizing titers (e.g. HAI 1:31-1:128 for a non-circulating H2N2)
(Kubota-Koketsu et al., 2012), though when diluted to physiologic
concentrations, titers to non-circulating strains are closer to 1:10.
(Hong et al., 2011). A study using ferrets has shown that IVIG ad-
ministered at the time of influenza virus exposure led to a significant
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reduction in lung viral load following challenge of ferrets with A(HIN1)
pdmO09 virus. In the lethal influenza A(H5N1) model, the majority of
ferrets given IVIG survived challenge in a dose dependent manner.
(Rockman et al., 2017).

High dose standard IVIG (2 g/kg given for Kawasaki disease) has
been shown to increase micro-neutralization (MN) titers in recipients
from 1:6.9 (5.4-9.0) to 1: 35.9 (30.3 42.4), and HAI titers from 5.0
(5.0-5.0) to 12.5 (9.9-15.6). (Hong et al., 2011). However, this dose is
not practical and may carry risk of thrombosis or renal dysfunction
(Gammunex Package insert), so interest has turned to immune IVIG
products.

4.1.3. Hyperimmmune IVIG

The plasma used to manufacture IVIG is chosen because of certain
attributes, such as high titer anti-influenza antibodies, and is called
hyperimmune IVIG. The protective efficacy of the IVIG manufactured
from human plasma collected before the influenza pandemic due to
A(HIN1)pdmO09 virus and post-pandemic immune IVIG preparations
was evaluated in a SCID mouse challenge model. Post-pandemic im-
mune IVIG (HI titer 1:1280) provided complete protection from leth-
ality of SCID mice against A(HIN1)pdmO9 virus challenge: 100% of
mice survived for 29 days post-challenge vs 50% of mice survival in the
pre-pandemic IVIG (HI titer 1:70) group vs 40% survival in the buffer
control group. Mice were administered dilutions of the IVIG (from 1:16
to undiluted). Protection was dose dependent, and there was a highly
significant correlation between circulating in vivo HI and MN antibody
titers and mice survival (nonparametric Spearman correlation r = 0.9,
P < .0001) (Hohenadl et al., 2014)

A RCT of patients hospitalized with severe A(HIN1)pdmO09 virus
infection in 5 hospitals in Hong Kong compared treatment with immune
IVIG prepared from plasma of persons who had recovered from the
disease against treatment with normal IVIG manufactured before 2009
(Hung et al., 2013). Thirty-five patients with severe influenza A(HIN1)
pdmO09 infection on standard antiviral treatment requiring intensive
care and ventilator support were randomized to receive immune IVIG
(17 patients) or non-immune IVIG (18 patients). Immune IVIG treat-
ment was associated with significantly lower Day 5 and 7 post-treat-
ment viral load when compared to the control (p = .04 and p = .02
respectively). Subgroup multivariate analysis of the 22 patients who
received treatment within 5 days of symptom onset demonstrated that
immune IVIG treatment was the only factor that independently reduced
mortality [OR: 0.14, 95% CI, 0.02-0.92; p = .04]. (Hung et al., 2013).
An ongoing study is evaluating immune IVIG vs placebo, in addition to
standard care, for patients hospitalized with severe influenza, and using
the clinical status on Day 7 (by ordinal scale) as the primary endpoint
(ClinicalTrials.gov Identifier: NCT02287467).

4.2. Triple combination therapy with oseltamivir, clarithromycin and
naproxen

A phase 2b/3 RCT of adults hospitalized for A(H3N2) infection in
2015 has shown that a triple combination treatment of 2 days of clar-
ithromycin 500 mg, naproxen 200 mg and oseltamivir 75 mg twice
daily, followed by 3 days of oseltamivir reduced both 30-day (0.9% vs
8.2%) and 90-day mortality (1.9% vs 10%) and hospital length of stay
vs oseltamivir 75 mg twice daily without placebos for 5 days as control
(Hung et al., 2017). Multivariate analysis showed that the triple com-
bination therapy was the only independent factor associated with lower
30-day mortality (OR:0.06; 95%CI, 0.004-0.94; P = .04). The findings
were associated with significantly faster reductions in viral load and
pneumonia severity index and fewer patients with =5% NAI-resistant
A(H3N2) virus quasispecies detected (Hung et al., 2017). However, the
study design did not allow assessment of the possible individual con-
tributions of naproxen or clarithromycin. A larger confirmatory study
that includes patients presenting later in their illness is a high priority
for this readily available combination. Naproxen inhibits virus
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Table 5

Studies of the effects of IVIG on influenza.
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Authors

Study design

Main findings

Hong et al., 2011

Kubota-Koketsu
et al., 2012
Tian et al., 2016

Rockman et al.,
2017

Onodera et al.,
2017

A study that analyzed prepandemic IVIG and sera from Kawasaki disease
patients (who had received IVIG as the standard treatment for autoimmune
vasculitis) for A(HIN1)pdmO09 virus-specific antibodies by micro-
neutralization and hemagglutination inhibition,

In vitro study of human IVIG manufactured from 1993 to 2010 in Japan.

A study that analyzed sera from 96 healthy adult donors in southern China
and commercially available IVIG manufactured in 2014 by
microneutralization test for the titers of neutralizing antibodies (Nab) to
several most common respiratory viruses including respiratory syncytial virus
(RSV), seasonal influenza A, enterovirus 71 (EV71), coxsackievirus A16
(CA16),

This study examined the potential of human IVIG to ameliorate influenza
infection in ferrets exposed to either the A(HIN1)pdmO9 or highly
pathogenic avian influenza A(H5N1) virus.

In this study, variations in hemagglutination inhibition (HI) and neutralizing
antibody titers against seasonal influenza viruses [A(H1N1), A(H3N2), and B
influenza virus strains] in IVIG lots manufactured from 1999 to 2014 were
examined. In addition, the importance of monitoring the reactivity of IVIG
against seasonal influenza viruses with varying antigenicity was evaluated.

All 6 IVIG preparations tested had significant levels of cross-reactive
specific antibody, at a concentration of 2.0 g/dL of immunoglobulin. Sera
from 18 of 19 Kawasaki disease patients had significant increases in cross-
reactive-specific antibody after receiving 2.0 g/kg of prepandemic IVIG.
Significant neutralizing activities against influenza A(H2N2) viruses have
been observed in lots of human IVIG

A high proportion of samples from healthy adults were positive for NAbs
(> 16) to all the viruses except Ad55. A different proportion of these
samples had high NAb titers (> 512) for influenza A (25%), Ad3 (17.71%),
RSV (9.38%), EV71 adenovirus type 3 (Ad3) and adenovirus type 55
(Ad55).(1.04%), CA16 (3.13%), and Ad55 (4.17%). Commercially
available IVIG was found to have high NAD titers to influenza A (> 1000).
IVIG administered at the time of influenza virus exposure led to a
significant reduction in lung viral load following challenge of ferrets with
A(HIN1)pdmO9 virus. In the lethal A(H5N1) model, the majority of ferrets
given IVIG survived challenge in a dose dependent manner. Protection was
also afforded by purified F(ab’)2 but not Fc fragments derived from IVIG,
supporting a specific antibody- mediated mechanism of protection.

IVIG manufactured from 1999 to 2014 exhibited significant HI & MN titers
vs all investigated strains of seasonal influenza.

replication by interfering with the binding of virus RNA to nucleopro-
tein (Lejal et al., 2013).

4.3. Sirolimus

Sirolimus, also known as rapamycin, is a macrolide compound
which has an inhibitory effect on the mechanistic target of rapamycin
(mTOR) pathway. mTOR plays a central role in regulating many fun-
damental cell processes, from protein synthesis to autophagy, while
deregulated mTOR signaling is implicated in the progression of cancer
and diabetes, as well as the aging process (Saxton and Sabatini, 2017).
Several genes in the phosphatidylinositol 3’-kinase (PI3K)-AKT-mTOR
pathway have been shown to support broad-spectrum viral replication
including influenza in vitro by RNA interference. Everolimus is a mTOR
inhibitor which has in vitro antiviral activity against influenza A virus.
In a lethal mouse infection model of influenza A (HI1IN1 and H5N1)
virus infection, everolimus treatment (1 mg/kg/day) significantly de-
layed death although it could not prevent mortality. Histo-pathological
findings showed decreased pulmonary hemorrhage and lung weights in
everolimus treated mice in response to infection (Murray et al., 2012).

In a mouse model, sirolimus was given at the time of influenza A/
PR/8/34 (HIN1) virus inoculation, and continued for 28 days. Mice
treated with sirolimus had more body weight loss during the illness,
and a higher viral load on Day 10 than controls that did not receive
sirolimus. However, there was a trend, suggesting lower lung in-
flammation score as seen in histology specimens (mean score
9.0 + 45vs11.5 = 4.5, p = .335), and improved compliance on
mechanical ventilation in the mice that received sirolimus, consistent
with drug-promoting apoptosis that lowered experimental lung injury
associated with influenza infection (Alsuwaidi et al., 2017).

In an open-label prospective RCT of critically ill patients infected
with influenza A(H1IN1)pdmO09 requiring invasive mechanical ventila-
tion (IMV), addition of sirolimus 2 mg/d for 14 days to oseltamivir
75 mg bd for 10 days and prednisolone 20 mg/d for 14 days (n = 19)
was associated with a higher frequency of liberation from IMV (84.2 vs
47.4%, p = .04), a shorter duration of IMV (13.8 vs 33 days, p = .03)
and a higher chance of achieving LRT viral RNA negativity by Day 7
(75% vs 33%, p < .05) compared to those treated with oseltamivir and
prednisolone without addition of sirolimus (n = 19) (Wang et al.,
2014). However, the study did not collect serial samples for quantita-
tive virology nor did it assess the immunologic impact (i.e., serum or

212

bronchoalveolar lavage cytokine levels) of the intervention.

The adverse effects of sirolimus and everolimus include leukopenia,
thrombocytopenia, diarrhea, stomatitis, hypercholesterolemia, and
rarely interstitial pneumonitis (Moes et al., 2015).

5. Conclusions

Currently there are no immunomodulatory agents that have been
conclusively proven to be of benefit in severe influenza. Passive im-
munotherapy in the form of convalescent plasma or immune IVIG may
be useful as an adjunct therapy for severe influenza, and definitive
studies are ongoing. The triple combination of oseltamivir, clari-
thromycin, and naproxen for severe influenza was demonstrated to be
effective in one RCT, but these findings need to be confirmed. Likewise,
as sirolimus has been used with apparent benefit in critically ill influ-
enza patients in the context of a RCT, confirmatory studies of this ap-
proach without concomitant corticosteroid therapy should be explored
as a research priority. The efficacy of other agents with potential im-
munomodulating effects, including NAC, acute use of statins, macro-
lides, pamidronate, NTZ, IFNs, chloroquine, antiC5a antibody, human
mesenchymal stromal cells, PPAR agonists, COX 2 inhibitors, mesala-
zine, herbal medicine, and the role of plasmapheresis and PMX hemo-
perfusion as rescue therapy, deserve more investigation preferably by
RCTs. Systemic corticosteroids when administered in high dose may
increase the risk of mortality and morbidity in patients with severe
influenza and should not be used. The role of low dose systemic corti-
costeroid requires further evaluation as a research priority.
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